A challenge for magnesium ion battery research is the development of electrolytes that are capable of reversible magnesium electrodeposition through multiple cycles. Magnesium alkoxide chlorides and aryloxide chlorides are known magnesium ion electrolytes when used in conjunction with aluminum chloride. Herein we report the effects of structural variation in several dialkoxy and diaryloxy magnesium complex aggregates with aluminum chloride, Mg(OR) 2 :AlCl 3 (R = iPr, t-Bu, phenyl), on electrochemical characteristics of their solutions and on compositions of the magnesium-containing deposits they yield. We also report the synthesis of a magnesium phenoxide-based electrolyte directly from magnesium metal. © The Author Nonaqueous magnesium ion batteries that use a metallic magnesium anode are attractive due to their high theoretical volumetric energy density and comparatively low cost of materials compared to lithium ion systems.
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1,2 Studies incorporating Grignard-based electrolytes for magnesium electrodeposition date back to the early twentieth century, 3 but their use as electrolytes for magnesium batteries became of interest only as recently as 1990. 4 Aurbach et al. 5 studied electrolyte solutions that were synthesized by reacting an alkylmagnesium halide or a dialkylmagnesium species with a Lewis acid of general structure R x AlCl 3-x . The complex species that result are capable of reversible magnesium electrodeposition, yet Barile et al. showed that these types of adducts decompose as a function of cycle count, based on NMR and GC-MS of the electrolyte and on SEM-EDS analysis of the electrodeposited metal. 6 As such, the development of other, more suitable electrolytes for reversible magnesium electrodeposition is paramount. Most studies focus on modifying the Lewis acid component of the electrolyte mixture, either by modifying the anion 7 or the metal center; [8] [9] [10] in contrast, we focus on the magnesium species.
It is known that phenoxymagnesium chloride 11 and alkoxymagnesium chloride 12 solutions react with aluminum chloride to generate electrolytes with good deposition overpotentials and acceptable conductivity. Nelson et al. studied phenol-based systems by modifying substituents on the aromatic ring; electron-withdrawing substituents showed higher oxidative stability of ca. 0.4 V more positive than the parent phenol. 13 Magnesium alkoxides have also been employed as additives for magnesium electrolyte systems, 14 as have thiols 15 and amides. [16] [17] [18] For example, Zhao-Karger et al. found that magnesium bisamide compounds in combination with aluminum chloride showed comparable electrochemical performance in a variety of ethereal solvents to species derived from Grignard reagents, yet were easier to handle. 18 Here we report that magnesium dialkoxides and diaryloxidebased electrolyte solutions can be used for reversible magnesium electrodeposition whose properties are a function of ligand structure; we also show that an active complex can be prepared directly from magnesium metal.
Experimental
Di-n-butylmagnesium (1 M in heptane), phenol (99%), anhydrous isopropanol (99.5%), anhydrous, inhibitor-free tetrahydrofuran (99%) (Sigma-Aldrich), ultra-dry aluminum chloride (99.999%), magnesium tert-butoxide (90%+), and magnesium metal (325 mesh, 99.8%) (Alfa Aesar) were used as received. All syntheses were carried out using * Electrochemical Society Student Member.
* * Electrochemical Society Active Member. z E-mail: cbarnold@princeton.edu standard air-free Schlenk techniques in oven-dried glassware; all electrochemical measurements were performed in an argon-purged glove box (Vacuum Atmospheres). Cyclic voltammograms were acquired using a polished platinum working electrode (diameter = 2 mm) and an abraded magnesium reference and counter electrode unless otherwise noted (Solartron Analytical 1287). Conductivity measurements were made using a conductivity meter paired with an InLab 751 conductivity probe (Mettler Toledo SevenCompact S230). SEM images and EDX spectra were acquired at a 15 keV accelerating voltage (FEI Quanta 200 ESEM).
Synthesis of magnesium phenoxide via Bu 2
Mg.-A solution of phenol (6.706 g, 71.2 mmol, 2 eq) in THF (20 ml), was purged with argon, dried over 4 Å molecular sieves, transferred to a second flask, and chilled to 0
• C. Di-n-butylmagnesium (1 M in heptane, 23.8 ml, 1 eq) was added via syringe to the chilled phenol solution; a white precipitate formed and gas was evolved. The reaction mixture was removed from the ice bath and stirred for 12 hours. The solvent was removed in vacuo, and the residual white powder was rinsed 3x with 20 ml of THF.
Direct synthesis of magnesium phenoxide from Mg metal
19 .-Phenol (5.005 g, 53.2 mmol, 2 eq) was added to a flask containing magnesium metal powder (0.642 g, 26.4 mmol, 1 eq). Anhydrous toluene (90 ml) was added to the flask, and the resulting mixture was heated to reflux for 48 hours. The solvent was removed in vacuo, and the residual gray powder was rinsed 3× with 20 ml of THF. 20 .-Di-n-butylmagnesium (1 M in heptane, 36 ml, 1 eq) was added via syringe to chilled (0 • C) anhydrous isopropanol (5.4 ml, 2 eq); a white precipitate formed, and gas evolution was observed. The solution was removed from the ice bath and was stirred for 12 hours. The solvent was removed in vacuo to give a white powder.
Synthesis of magnesium isopropoxide
General procedure for the preparation of Mg(OR) 2 :AlCl 3 solutions.-Solutions of these adducts (ca. 0.25 M) were made by adding 2 ml of a preprepared AlCl 3 solution to a vial containing the Mg species -the specific ratios varied according to the experiments described below. Electrolyte solutions were then stirred for a minimum of 24 hours. High concentrations of either the Mg species (>0.35 M) or AlCl 3 (>0.3 M) would sometimes cause the formation of a dense, cloudy phase. In this case, all electrochemical measurements were performed only with the completely dissolved material. 
Results and Discussion
The magnesium dialkoxides and diaryloxides used here are shown in Figure 1 . All are white, free flowing powders, and are safer to handle than traditional magnesium electrolyte precursors, which are typically pyrophoric liquids. The magnesium dialkoxides and diaryloxides were essentially insoluble in THF until at least one equivalent of AlCl 3 was added, at which point solutions generally became clear. Aggregation of magnesium alkoxides is an important factor regarding the solubility of these electrolytes. Zechmann et al. reported that solutions of several magnesium alkoxides of the same stoichiometry can have variable speciation: dissolved complexes are not necessarily well represented by structural characterizations of the solid state. 21, 22 They also noted that magnesium alkoxides and aryloxides have limited solubility, even in donor solvents, because of their tendency to form oligomeric structures; 22 aluminum alkoxides and aluminum alkoxide chlorides are significantly more soluble in organic solvents than are the corresponding magnesium alkoxides. 23, 24 The solutions of aryloxide:AlCl 3 ensemble, prepared using either Bu 2 Mg or magnesium metal, are electrochemically comparable in terms of deposition overpotential to those reported by Nelson et al. 13 (see Table I ). This shows the feasibility of generating an electrolytically active solution without the use of a Grignard reagent. Indeed, magnesium alkoxides prepared directly from magnesium metal can be advantageous for scale up for this type of electrolyte synthesis. 25, 26 This pathway represents a twofold improvement over previous methods: it not only increases the atom efficiency of the process, but also demonstrates that it is possible to use "green" synthetic strategies for making magnesium-ion electrolytes that forego harsh reagents.
The deposition and stripping behavior of solutions of magnesium dialkoxide or diphenoxide with AlCl 3 depend on their relative concentrations 27 (see Figure 2 ). The electrodeposition inefficiency of solutions containing unoptimized amounts of AlCl 3 may be related to the structure of the active magnesium species present: chloridebridged and alkoxide-bridged oligomers likely exist in solution. 7, 28 We systematically adjusted the ratio of AlCl 3 to magnesium species to optimize magnesium metal deposition efficiency as measured by cyclic voltammetric analysis (Figure 3) . It is notable that the magnesium phenoxide complex requires relatively less aluminum chloride than either of the alkoxides for optimal electrochemical characteristics. Moreover, although AlCl 3 is a commonly used component in magnesium-conducting electrolytes, it can react with THF through ring cleavage or the formation of oligomeric species. 29 In these cases, it is possible that the optimal stoichiometry might change, but this would not significantly impact the overall elec- trolyte performance. The oxidative stability of the Mg(OPh) 2 :AlCl 3 solution is about 2.6 V vs. Mg (Figure 3 ), comparable to that reported for a phenoxymagnesium chloride-based electrolyte. 11, 13 Conversely, the anodic stability is higher for the Mg(OtBu) 2 :AlCl 3 electrolyte reported here than for the corresponding alkoxymagnesium chloride-based electrolyte reported elsewhere (2.8 V vs. 2.5 V). 12 The Mg(OtBu) 2 :AlCl 3 and Mg(OiPr) 2 :AlCl 3 solutions have approximately the same oxidative stability. Indeed, it is important to note that changing the magnesium precursor anion does not appear to have as significant of an effect on the overall stability of the electrolyte in a Conductivity reported is the highest measured for each species. b The oxidative stability limit is defined as the onset of anodic current flow. c The atomic % ratios are calculated from EDX data excluding the contribution of C and O to the ratio calculation.
) unless CC License in place (see abstract comparison to studies that have focused on modifying the Lewis acid component. 7, 10 Conductivity, deposition overpotentials, and oxidative stabilities were similar whether an aryloxymagnesium chloride 13 or a diaryloxymagnesium precursor was used, suggesting that similar electroactive species are generated on adding AlCl 3 . The conductivity of the Mg(OiPr) 2 :AlCl 3 solution was measured to be lower than that of either the Mg(OPh) 2 :AlCl 3 or Mg(OtBu) 2 :AlCl 3 ones ( Figure 4) ; conductivity is not simply related to aryloxy vs. alkoxy coordination. The conductivity of all solutions decreased at the highest magnesium concentrations used, which may be due to a greater degree of ion pairing interactions in solution -a common phenomenon in nonaqueous electrolytes using solvents with a low dielectric constant. 30 The surface morphology and composition of magnesium deposits was found to be a function of their precursors; they may also be related to electrolyte viability. Magnesium was electrodeposited from solution on a platinum current collector (current density 2 mA cm −2 ) for approximately 2.5 C cm −2 . As shown in Figure 5a , Mg(OiPr) 2 :AlCl 3 gives deposits that feature long, fractal Mg growths, whereas Mg(OtBu) 2 :AlCl 3 and Mg(OPh) 2 :AlCl 3 deposits (Figure 5b and Figure 5c ) are composed of spheroid Mg islands. In particular, the elemental composition of each deposit as measured by EDS showed that the Mg(OPh) 2 :AlCl 3 electrolyte has the highest relative magnesium content of the three alkoxide-based electrolytes shown in Table I . It is salient that the Mg(OPh) 2 :AlCl 3 electrolyte, which is the best performing overall on the basis of electrochemical characteristics, also yields the most regular morphology and highest Mg elemental composition for its deposits.
Conclusions
The synthesis and electrochemical behavior of a series of magnesium dialkoxide and diaryloxide complexes is described as precursors for electrolytes for magnesium ion batteries. Overpotentials for their electrodeposition and their deposition morphologies are comparable to those reported 12, 13 for analogous Grignard-based alkoxide chloride and phenoxide chloride compounds; the dialkoxides and diphenoxides may have some practical safety benefits compared to their Grignard reagent-based counterparts. Of the three reagents studied here, the diphenoxide was the best performing; as a bonus, it is easily prepared directly from Mg metal. Direct synthesis to an active agent is more atom-efficient than is one involving a Grignard reagent, in which organic groups are first activated and then sacrificed to prepare Mg alkoxides. Indeed, this synthetic strategy may prove useful in generating other magnesium electrolyte solutions that can avoid corrosive chloride ions if combined with nonhalogenated Lewis acids. Studies to this effect are underway.
